Abstract. Valproic acid, a histone deacetylase inhibitor, increases the expression of cell surface MHC class I-related chain molecules (MICs) A and B (MICA and B) in osteosarcoma cells and decreases their secretion of soluble MICA and MICB, which are produced by the proteolytic cleavage of cell surface MICs. Osteosarcoma cells have been reported to produce high levels of matrix metalloproteinase (MMP)-2 and -9. In this study, we investigated the involvement of MMP-2 and -9 in the inhibitory action of valproic acid (VPA) on the proteolytic cleavage of cell surface MICs using the U-2 OS and SaOS-2 osteosarcoma cell lines. VPA caused a marked decrease in the expression of MMP-9 mRNA in the U-2 OS and SaOS-2 cells and in the expression of MMP-2 mRNA in the U-2 OS cells, but only a slight decrease in the expression of MMP-2 mRNA in the SaOS-2 cells. The transfection of small interfering RNA (siRNA) for MMP-9 decreased the secretion of soluble MICA and MICB by both U-2 OS and SaOS-2 cells, but that of siRNA for MMP-2 did not. The present study therefore demonstrates that the downregulation of MMP-9 mRNA by VPA plays a role in the inhibitory action of VPA on the secretion of soluble MICA and MICB in osteosarcoma cells.
Introduction
Tumor cells express MHC class I-related chain molecules (MICs) A and B (MICA and MICB), which are ligands of the NKG2D receptor that is expressed on the surface of cytotoxic immune cells, such as natural killer (NK), γδ + T and CD8
+ αβ + T cells (1, 2) . The binding of the NKG2D receptor to its ligands activates NK and γδ + T cells, and co-stimulates tumor-antigenspecific CD8 + αβ + T cells (1, 2) . Therefore, the NKG2D-MIC system plays an important role in the cytotoxicity of immune cells. However, tumor cells produce soluble MICs and thus are able to avoid being attacked by cytotoxic immune cells. Soluble MICs, which are produced by the proteolytic cleavage of their extracellular domain by proteases (1, (3) (4) (5) (6) , interfere with the binding of MICs on the surface of tumor cells to NKG2D receptors on the surface of cytotoxic immune cells, and the binding of soluble MICs to NKG2D receptors downregulates the NKG2D receptors on the surface of cytotoxic immune cells (1, (6) (7) (8) (9) .
The gene expression in tumor cells is altered by both genetic and epigenetic events, and epigenetic modifiers, such as histone deacetylase (HDAC) and DNA methylation inhibitors, alter their gene expression profiles (10, 11) . A number of studies have demonstrated that HDAC inhibitors stimulate the expression of cell surface MICA and MICB in a variety of tumors (12) (13) (14) (15) . Valproic acid (VPA), a HDAC inhibitor, increases the expression of MICA and MICB on the surface of human osteosarcoma cells (16) . Furthermore, VPA decreases the production of soluble MICA and MICB in these cells (16) . However, the mechanisms by which VPA decreases the production of soluble MICA and MICB in osteosarcoma cells remains to be elucidated.
Soluble MICA and MICB are produced by the proteolytic cleavage of cell surface MICA and MICB as broad-spectrum metalloproteinase inhibitors suppress the shedding of MICs (3) (4) (5) (6) . Human osteosarcoma cells produce high levels of matrix metalloproteinase (MMP)-2 and -9 (17, 18) , and HDAC inhibitors, including VPA have been shown to decrease the expression of MMP-2 and -9 in thyroid, gastric and lung cancer cells (19) (20) (21) . Therefore, in this study, we investigated the effect of VPA on the mRNA expression of these MMPs in osteosarcoma cells and the roles of these MMPs in the cleavage of MICA and MICB on the cell surface. The present study shows that the downregulation of MMP-9 mRNA by VPA is involved 
Materials and methods
Reagents and antibodies. Sodium valproate was purchased from Wako (Osaka, Japan), the PE-conjugated anti-human MICA/B mouse monoclonal antibody (IgG 2b ) from R&D Systems (Minneapolis, MN, USA) and the control mouse IgG 2b from BioLegend (San Diego, CA, USA). The MMP-2/MMP-9 inhibitor (an inhibitor of MMP-2 and -9), GM 6001 (a broadspectrum inhibitor of MMPs), and the GM 6001 negative control were purchased from Calbiochem (Merck, Tokyo, Japan).
Cells. U-2 OS and SaOS-2 human osteosarcoma cells were purchased from the American Type Culture Collection (ATCC, Manasas, VA, USA), and Riken BRC Cell Bank (Tsukuba, Ibaragi, Japan), respectively. The U-2 OS and SaOS-2 cells were cultured in McCoy's 5A modified medium (Invitrogen, Carlsbad, CA, USA). All these media contained 10% fetal bovine serum (FBS) (MP Biomedical, Inc., Morgan Irvine, CA, USA), penicillin (100 U/ml) and streptomycin (100 µg/ml). All cells were cultured in a humidified atmosphere of 5% CO 2 in air at 37˚C.
Flow cytometric analysis. U-2 OS and SaOS-2 cells were seeded at 2 and 4x10 3 cells/dish, respectively, in 6 cm-tissue culture dishes containing 3 ml of medium/dish. After 24 h (day 0), VPA was added to the medium at 1.0 mM, and the cells were cultured for another 7 days, with a medium change on day 3. The cells were detached from the dishes, and the expression of membrane-bound MICA/B was analyzed by a flow cytometric analysis, as described previously (16) . The percentages of membrane-bound MICA/B-positive cells were determined by flow cytometric analysis, and the effects of VPA were evaluated by determining the ratio of the percentage of positive cells in the treated cultures to the average percentage of positive cells in the untreated control cultures.
Enzyme-linked immunosorbent assays (ELISAs). U-2 OS and
SaOS-2 cells were seeded at 1 and 2x10 5 cells/dish, respectively, in 10 cm-tissue culture dishes containing 5 ml of medium/dish. After 24 h (day 0), VPA was added to the medium at 1.0 mM, and the cells were cultured for another 7 days, with a medium change on day 3. The medium was collected for an assay of the soluble MICA and soluble MICB levels using ELISA systems for human soluble MICA and MICB (R&D Systems) and a microplate reader (Bio-Rad Laboratories, Tokyo, Japan). The amount of soluble MICA or MICB/10 4 viable cells in the treated cultures was expressed as a ratio of the average value in the untreated control cultures.
Treatment with MMP inhibitors. U-2 OS and SaOS-2 cells were seeded at 2 and 4x10 5 cells/dish, respectively, in 10 cm-tissue culture dishes containing 5 ml of medium/dish. After 24 h, VPA (1.0 mM), MMP-2/MMP-9 inhibitor (10 µM), GM6001 (a broad-spectrum inhibitor of MMPs) (2 µM) or the GM 6001 negative control (2 µM) was added to the medium and the cells were cultured for another 48 h. The soluble MICA and MICB levels in the medium were assayed using the ELISA systems as described above. The amount of soluble MICA or MICB/10 4 viable cells in the treated cultures was expressed as a ratio of the average value in the untreated control cultures.
Quantitative real-time PCR. U-2 OS and SaOS-2 cells were cultured in medium with or without 1.0 mM VPA, for 7 days, with a medium change on day 3, and on days 3 and 7, the total RNA was extracted from the cells in each culture dish with TRIzol reagent (Invitrogen). An aliquot of RNA was reverse-transcribed using Superscript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Real-time PCR for MMP-2, -9 or -14, or a disintegrin and metalloproteinase (ADAM)-17 mRNA was performed using TaqMan Gene Expression assays (Applied Biosystems, Foster City, CA, USA). The primer sets used were Hs01548733_ml for MMP-2 mRNA, Hs00957562_ml for MMP-9 mRNA, Hs00237119_ml for MMP-14 mRNA and Hs01041915_ml for ADAM-17 mRNA (Applied Biosystems). The amount of GAPDH mRNA as an internal reference was estimated using human GAPDH as the endogenous control (Applied Biosystems), and the amount of MMP-2, -9 or -14, or ADAM-17 mRNA in each sample was corrected by the amount of GAPDH mRNA in the corresponding sample. The amount of MMP-2, -9 or -14, or ADAM-17 mRNA in the treated cultures was expressed as a ratio of the average value in the untreated control cultures.
Effects of small interfering RNA (siRNA) for MMP-2 or -9 on the secretion of soluble MICA and MICB. The siRNAs designed for MMP-2 and -9 mRNAs were 5'-GGAAAGAUUGAUGC GGUAtt-3' (sense strand) and 5'-CAUCACCUAUUGGAUCC AAtt-3' (sense strand), respectively, and were synthesized by Applied Biosystems. U-2 OS and SaOS-2 cells were seeded at 1 and 2x10 5 cells/well, respectively, in 6 well-tissue culture plates and cultured in 2 ml of medium for 24 h. The culture medium was changed to Opti-MEM medium (Invitrogen), and the cells were transfected with 10 nM of MMP-2 or MMP-9 siRNA and negative control siRNA using an RNAiMAX reagent (Invitrogen), and were cultured for another 48 h. The medium was collected, and the levels of soluble MICA and MICB in the medium were determined as described above, and the expression of MMP-2 and -9 mRNA in the cells was examined by reverse transcription polymerase chain reaction (RT-PCR). The amount of soluble MICA or MICB/10 4 viable cells in the treated cultures was expressed as a ratio of the average value in the untreated control cultures.
RT-PCR.
Total cell RNA was extracted from the U-2 OS and SaOS-2 cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The reverse transcription of 2 µg of total RNA was performed at 42˚C for 1 h using random primers (Roche Applied Science, Indianapolis, IN, USA) and Transcriptor Reverse Transcriptase (Roche Applied Science), and cDNAs produced were sequentially amplified by PCR with Takara Ex Taq™ DNA polymerase (Takara Bio, Inc., Ohtsu, Shiga, Japan) using specific primer sets as follows: sense, 5'-ACGATGATGACCGCAAGTGG-3' and antisense, 5'-GGA GCTCAGGCCAGAATGTG-3' for MMP-2; sense, 5'-AGGAC GGCAATGCTGATGGG-3' and antisense, 5'-GAGGTGCCG GATGCCATTCA-3' for MMP-9; and sense, 5'-GTCATCAAT GGAAATCCCATCACC-3' and antisense, 5'-GCTCAGGGAT GACCTTGCCC-3' for GAPDH. The amplification conditions of the PCR for MMP-2 and -9 were 25 cycles at 95˚C for 30 sec, 55˚C for 30 sec, and 72˚C for 1 min, followed by heating at 72˚C for 7 min, and that for GAPDH was 25 cycles at 95˚C for 30 sec, 57˚C for 30 sec, and 72°C for 1 min, followed by heating at 72˚C for 7 min. The amplified fragments were resolved by electrophoresis on 1.5% agarose gels, and were detected by ethidium bromide staining.
Statistical analysis. The data are presented as the means + SE. The data of 2 groups were analyzed by the Student's t-test, and the data of 3 groups or more by the two-tailed Dunnett's t-test for multiple comparisons. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

Expression of MICA/B on the surface of osteosarcoma cells and secretion of soluble MICA and MICB.
The osteosarcoma cells were cultured in the presence or absence of VPA (1.0 mM) for 7 days, and the cell surface expression of MICA/B was examined by flow cytometry (Fig. 1A) . Cell surface MICA/B was expressed in 7.2 and 5.1% of the U-2 OS and SaOS-2 cells, respectively. VPA increased the expression of MICA/B on the surface of U-2 OS and SaOS-2 cells by approximately 5.0-and 2.6-fold, respectively.
The amount of soluble MICA or MICB in the medium of the osteosarcoma cells during the last 4 days of a 7-days culture (from days 3 to 7) was estimated ( Fig. 1B and C) . VPA (1.0 mM) significantly decreased the amount of both soluble MICA and MICB in the culture medium of the 2 osteosarcoma cell lines.
Role of MMP in the secretion of soluble MICA and MICB.
Soluble MICA and MICB are produced by the proteolytic cleavage of cell surface MICA and MICB and human osteosarcoma cells produce MMP-2 and -9. Therefore, the effects of GM6001 (a broad-spectrum metalloproteinase inhibitor) and MMP-2/MMP-9 inhibitor (an inhibitor of MMP-2 and -9) on the shedding of MICA and MICB were examined (Fig. 2) . The MMP-2/MMP-9 inhibitor (10 µM) and GM 6001 (2 µM) as well as VPA (1 mM) decreased the amount of soluble MICA and MICB in the U-2 OS and SaOS-2 cells.
Subsequently, the effects of VPA on the expression of MMP-2, -9 and -14, and ADAM-17 mRNA in U-2 OS and SaOS-2 cells cultured for 3 or 7 days were examined by quantitative real-time PCR. VPA (1.0 mM) markedly decreased the expression of MMP-9 mRNA in the U-2 OS and SaOS-2 cells (Fig. 3) . VPA also markedly decreased the expression of MMP-2 mRNA in the U-2 OS cells, but showed little effect on the expression of MMP-2 mRNA in the SaOS-2 cells (Fig. 3) . VPA did not decrease the expression of MMP-14 and ADAM-17 mRNA (Fig. 3) .
The U-2 OS and SaOS-2 cells were transfected with siRNAs for MMP-2 and -9, and the amount of soluble MICA and MICB in the medium was assayed after 2 days of culture. siRNAs for MMP-2 and -9 markedly decreased the expression levels of these mRNAs (Fig. 4A) . siRNA for MMP-9 decreased the amounts of soluble MICA and MICB secreted by the U-2 OS and SaOS-2 cells by approximately 20-30%, while siRNA for MMP-2 did not (Fig. 4B ).
Discussion
Culture with 1.0 mM VPA increased the expression of MICA/B on the surface of osteosarcoma cells and inhibited their secretion of soluble MICA and MICB, confirming the results of our previous report (16) . Our previous study showed that 1.0 mM VPA increased the acetylation of histones, suggesting that at least a part of the action of VPA can be ascribed to its action as a HDAC inhibitor (16).
GM6001 (a broad-spectrum inhibitor of MMPs) and the inhibitor of MMP-2 and -9 decreased the secretion of MICA and MICB by osteosarcoma cells and siRNA for MMP-9 decreased the secretion of MICA and MICB, whereas that for MMP-2 did not. These results indicate that MMP-9 is responsible for the shedding of MICA and MICB on the surface of osteosarcoma cells. Several proteases have been reported to be responsible for the shedding of cell surface MICA and MICB; MMP-14 for MICA, ADAM-10 for MICA and ADAM-17 for MICA and MICB (6, 22, 23) . Therefore, these proteases may also be responsible for the shedding of MICA and MICB on the surface of osteosarcoma cells.
VPA markedly decreased the expression of MMP-9 mRNA in the osteosarcoma cells, consistent with previous studies using other types of cancer cells (19) (20) (21) . Therefore, the inhibitory action of VPA on the secretion of soluble MICA and MICB is ascribed at least in part to the downregulation of MMP-9 mRNA by VPA. VPA did not affect the expression of MMP-14 and ADAM-17 mRNA. However, other proteases, including ADAM-10 may be related to the inhibitory action of VPA on the shedding of MICA and MICB on the surface of osteosarcoma cells. In conclusion, the present study shows that the downregulation of MMP-9 mRNA by VPA is involved in the inhibitory action of VPA on the secretion of soluble MICA and MICB from the surface of osteosarcoma cells. To our knowledge, this is the first study to demonstrate that MMP-9 plays a role in the shedding of MICA and MICB from the surface of tumor cells.
